Abstract A ratio control strategy has been used to demonstrate the feasibility of this automatic control procedure for the achievement of stable full and partial nitritation. The control strategy assured constant ratio between the dissolved oxygen (DO) and the total ammonia nitrogen (TAN) concentrations in the bulk liquid of aerobic granular sludge reactors operating in continuous mode. Three different set-ups with different reactor capacities were used (3, 110, and 150 L). High strength synthetic wastewaters and reject water were tested with similar performance. Achieved nitrogen loading rates ranged between 0.4 and 6.1 kgN$m -3
Introduction
Nitrogen removal via nitrite has recently gained increasing interest because of its associated economic savings when compared to classical nitrogen removal technologies, in which the ammonium is fully oxidized to nitrate. Currently, nitritation is applied as an advanced wastewater treatment in municipal wastewater treatment plants (WWTPs) for the biological nitrogen removal (BNR) of the reject water, the rich ammonium effluent produced in the dewatering of sludge after the anaerobic treatment. To this effect, different alternatives have been developed, including nitritation plus heterotrophic denitrification, nitritation plus anaerobic ammonia oxidation (Anammox [1] [2] [3] [4] ,) or even single-step nitritation-Anammox granular reactors [5] [6] [7] [8] [9] .
Biofilm reactors have been regarded as a good alternative to improve the efficiency of nitritation, and several research studies were focussed on this issue [10] [11] [12] [13] [14] . Recently, a ratio control strategy was successfully applied to biofilm airlift reactors to obtain full nitritation (100% ammonia conversion to nitrite) under stable operating conditions, the so-called automatic control for partial nitrification to nitrite in biofilm reactors (ANFIBIO [15] [16] [17] [18] . Major advantages of this type of treatment are high nitrogen loading rates, together with a very robust operation in the long term operation [15, 19] .
We would like to present the major achievements obtained with the ANFIBIO technology using three different sets of results: 1) operation with laboratory and pilot scale reactors in a wide range of temperatures with a synthetic wastewater; 2) operation with a pilot scale reactor (150 L) treating reject water in a municipal wastewater treatment plant; 3) theoretical study with one-dimensional biofilm model.
Materials and methods

Experimental set-ups, wastewater and inoculum
There different set-ups (I-III) were used for experimental tests of nitritation, all them were aerobic granular sludge airlift reactors. The main differences in terms of reactor volume, instrumentation and control, wastewater and inocula are described in Table 1 . Temperature was kept constant at different values, in the range (20-30)°C. The pH was maintained at 7.5 in the reactor bulk liquid through the addition of solid Na 2 CO 3 .
Analytical methodology
Regular sampling of the bulk liquid of the pilot plant was carried out to determine the total ammonia nitrogen (TAN = N-NH [21] . The granular biomass was characterized throughout the whole experimental periods in terms of size, aspect, shape, granule density, and settling velocity (see [15] for further details).
The fluorescence in situ hybridization (FISH) technique coupled with confocal laser scanning microscopy (CLSM, Leica TCS-SP5 AOBS, Leica Microsystems Heidelberg GmbH, Germany) was used to determine the fractions of ammonia-oxidizing bacteria (AOB) and nitrite-oxidizing bacteria (NOB) in the granules. A detailed description of the applied methodology can be found in Bartrolí et al. [15] . For each determination at least 70 granules were used.
Model development
A one-dimensional biofilm model was developed to simulate the aerobic granular sludge airlift reactor performance based on Wanner and Reichert [22] and implemented in the software package AQUASIM, v.2.1d [23] .
The biomass species described as particulate compounds in the biofilm matrix were four: AOB, NOB, heterotrophic bacteria and inert biomass. Total biofilm area was defined as a function of granule size and number of granules. A detachment rate was used to keep a constant biofilm thickness in steady state at a predefined value. Detached biomass from the biofilm was considered as active following the same kinetics defined for the biomass in the biofilm. Attachment of biomass onto the biofilm surface has been neglected. For the sake of simplicity external mass transfer has been neglected. The porosity of the biofilm was fixed as 80% and kept constant during all the simulations. Initial fractions of particulate compounds were 10% AOB, 8% NOB and 2% heterotrophic biomass. Growth of AOB and NOB included inhibition by free ammonia (FA) and free nitrous acid (FNA) as proposed by Jubany et al. [24] . The microbial kinetics and the stoichiometry used as well as other parameters related to the biofilm are detailed elsewhere [17] .
Ratio control strategy
Two different closed loops were implemented: 1) one to maintain the TAN concentration in the bulk liquid (i.e., the reactor effluent, considering a well-mixed liquid phase in the reactor) and 2) a second one to control the DO concentration in the bulk liquid. The variables measured for the two closed loops were the TAN concentration and 3 Results and discussion
Reactor operation
Although different types of start-up were used for each one of the set-ups (see Table 1 ), common features were fast nitrite build up and (total) absence of nitrate in the reactor effluent.
For set-up III (real reject water), sequencing batch reactor (SBR) operation was first applied to develop AOB granular sludge, which was possible in few weeks, with nitrate concentrations in the effluent always lower than 4 mg N$L -1 after only 10 days of operation. After two months, granular sludge was fully developed (size 0.5 mm; sludge volumetric index ratio at 5 and 30 minutes was measured as SVI 30 /SVI 5 = 1.04). SBR operation was then switched to continuous mode maintaining good granular sludge quality (i.e. high settling velocity: 40 m$h -1 and with SVI 5 /SVI 30 = 1) and full nitritation.
Operating at DO/TAN concentration ratio lower than 0.25 assured full nitritation for all reactor set-ups with different granule sizes (in the range (0.5-1.1) mm) and operating at different reactor temperatures (20°C and 30°C).
The highest loading rates achieved required of sludge recirculation events in set-ups II and III. Apparently, the TAN control loop is not able to exceed at around 1 kg N$m -3 $d -1 if sludge is not recirculated, this happened in all three set-ups. In set-up III sludge recirculation events produced immediate increase in loading rate which resulted in stable higher biomass concentration in the reactor after few days without affecting the granular sludge quality.
Overall, the ratio control strategy described in section 2.4 produced stable full and partial nitritation. In Tables 2  and 3 we show how at around 50% oxidation of ammonium to nitrite with absence of nitrate was obtained in set-ups I and III, at relatively high nitrogen loading rate (1 and 4 kg$m
. Therefore ANFIBIO demonstrated good performance in case of its eventual combination with Anammox for autotrophic N removal. NOB persisted in the granules, although in very small numbers ( < 1%), despite months of operation with hardly any nitrate in the effluent.
Influence of the influent TAN concentration
To investigate the effect of influent TAN concentration, we took experimental conditions in steady state IIC (see Tables 2 and 3 ) and run different simulations to determine the applied NLR V , flow-rate and bulk biomass concentration of AOB for each value of [TAN] influent tested (in the range 400-1200 mg N$L -1 ). Setpoints were fixed at Notes: R SP is the proportionality constant of the ratio control strategy; n.c. = not computed; * recirculation of sludge using a small external settler (i.e. 5 and 20 L for setups II and III respectively). Complementary information for each period is found in Table 3 [ Fig. 1 ). Results presented in Fig. 1 show how influent TAN concentration has a clear influence on reactor performance, both in terms of NLR V and with regard to the value of R max,fN . Lower influent TAN concentrations led to lower NLR V in steady state, see Fig. 1 . In addition, lower influent TAN concentrations led to lower R max,fN , i.e. the achievement of full nitritation required a lower [DO] SP (see Fig. 1 ).
When analyzing the results we found different biomass concentration in suspension (coming from detachment) for each influent TAN concentration tested (see Table 4 ). This turned to be the main reason behind this behavior. When the influent TAN concentration decreased, the flow-rate increased, and therefore a lower concentration of biomass in suspension was obtained (i.e., the rate of washed out biomass in suspension increased). Overall, this means that a lower total biomass concentration is retained in the reactor, and therefore a lower NLR V is achieved in steady state. This is how the inflow rate is playing a role and has a defined influence in the achievement of full nitritation in biofilm reactors. This explanation was supported by the following simulation: at an influent TAN concentration of , which was the value achieved at [TAN] influent = 1200 mg N$L -1 (see Table 4 ). The NLR V obtained was around 1 g N$L
-
, equivalent to that obtained at [TAN] influent = 1200 mg N$L -1 (see Table 4 ). The model predicted a strong dependence between the suspended biomass concentration of AOB and the steady loading rate achieved (see Table 4 ). This could be the reason why the recirculation events performed in set-ups II and III (see previous discussion in the section 3.1), enhanced the fast increase in nitrogen loading rate, which subsequently resulted in a (stable) increase of the granular sludge concentration, i.e. promoting new granule development, in the periods IIE and IIIB (Tables 2 and 3 ).
Influence of biofim density on the achievement of full nitritation
To investigate the influence of the biofilm density on R max, fN , the following procedure was followed: experimental conditions for steady state IIC (see Tables 2 and 3) were used with the exception of the number of granules. The number of granules was manipulated to modify the total Table 3 Complementary characterization and reactor conditions for each steady state described in Table 2 set-up (period) loading rate /(kg N$m
granule density /(gVS$L ., R max,fN ) . The results of this iterative procedure were repeated for a set of different biofilm densities (19, 38 ,76 g⋅VS⋅L -1 particle ). The results showed how the values of R max,fN were not affected by the density of the biofilm, producing only minor differences (Fig. 2) . The obtained NLR V values were slightly higher for denser biofilms, as expected. Obviously, an increase of the biofilm area (by increasing the number of granules in the reactor) led to a higher NLR V (see Fig. 2 ).
Conclusions
ANFIBIO technology demonstrated robust operation in the treatment of a wide variety of wastewaters, from synthetic to real reject water produced in the dewatering of the sludge after anaerobic digestion. Suitable stable effluent for Anammox has been obtained using the desired TAN setpoint (i.e. 50% of influent ammonium oxidation), enabling to complete the N removal autotrophically by using anammox reactors, therefore reducing the energy consumption of the N removal. Recirculation events enhance the achievement of high rate nitritation because they trigger the stable increase of granular sludge in the reactor. High influent ammonium concentration enhanced full nitritation, as predicted by the model, meaning that NOB repression is easier when the inflow ammonium concentration is higher. Poor influence of the biofilm density in the achievement of full nitritation was found with the simulation study. 
